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Abstract
Single crystal that semiconductor industry thrive on, are grown using Czochralski (CZ) crystal growth technique. Over the years 
many researchers have investigated the problems related to CZ crystal growth system and number of studies related to different 
aspects of CZ crystal growth is available in open literature. Some of the important aspects related to Czochralski (CZ) crystal 
growth system used for growing single crystal are discussed. Origin of melt convection due to buoyant forces, forced convection 
due to crystal and crucible rotation and Marangoni convection due to thermo-capillary forces, and their effect on heat and species 
transport phenomena in the melt pool has been reviewed. Flow in present day large size crystal growth using CZ crystal growth 
system becomes oscillatory. Oscillations in melt can be damped using externally applied magnetic field. Effect of axial, 
transverse and inhomogeneous (CUSP) magnetic field on different melt convection has been a subject of interest for various 
research efforts. Oxygen release from silica crucible during growth of silicon crystal and mechanism for its incorporation into the 
growing crystal has also been reviewed. Conditions leading to growth of low oxygen concentration silicon crystal are elaborated.
© 2014 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the Organizing Committee of ICIAME 2014.
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1. Introduction
Technique to pull single crystal from melt pool was first developed by Czochralski in 1917. Over the years the basic 
system has undergone many modifications resulting in the state of the art crystal pullers of present day. With 
innovative concepts and various improvements, Czochralski (CZ) crystal growth process today is widely used for 
growing single crystal for different sizes and materials.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICIAME 2014.
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The CZ growth system consists of a crucible which is filled with charge material in molten form. A seed crystal 
having desired atomic orientation is attached to a pull rod. The pull rod is lowered until end of seed crystal is dipped 
into the melt. The crucible melt is continuously heated either by resistance or induction heaters. The melt 
temperature is carefully adjusted to facilitate growth of crystal over the seed crystal. Once a thermal steady state is 
achieved, the pull rod is slowly lifted and crystallization onto the end of seed occurs [1]. Surface of the growing 
crystal is continuously cooled for maintaining large temperature gradients at the crystal melt interface.  Crystal and 
crucible are normally rotated in opposite while the crystal is being pulled. The entire crystal growth set up is place 
inside an envelope containing an inert gas.  The crystal pull rate may vary from few tenths of mm per hour to tens of 
cm per hour, depending on the material [1].
2. Convection in crystal growth melt
Heat and mass transport at macroscopic scale governed by melt convection play a pivotal role in growth of good 
quality crystal growth using CZ technique. Melt convection is a key transport mechanism which controls important 
CZ crystal process, like shape of crystal melt interface and shape of isotherms inside the melt pool. Convective 
transport also determines the concentration distribution of rejected species in front of crystal growth interface and 
hence the composition and distribution of dopants/impurities in the crystal on macro and micro scale. In the 
following sections, different type of melt convection prevailing in the melt pool and their effect on crystal growth 
process is discussed.
Melt convection in CZ crystal growth process is classified on the basis of physical mechanism driving the 
convective currents. It includes (i) Buoyancy driven flow arising out of temperature/density gradients found to occur 
in melt pool, (ii) Forced convection due to rotation of crystal and crucible (normally in opposite direction), (iii) 
Capillary (Marangoni) convection due to surface tension forces at the free melt surface. Strength of these convective 
flows is denoted by the dimensionless numbers Ra (Rayleigh number), Re (Reynolds number due to crystal/crucible 
rotation and Ma (Marangoni number). The physical meaning of these numbers is that they are a dimensionless 
measure of the driving forces of convection. The forces driving convection are not present to the same extent in each 
melt growth system and their magnitude varies depending on the melt configuration and crystal growth conditions. 
Muniznieks et.al. [2] have given values of different forces acting in melt for typical modern large industrial CZ 
silicon crystal growth system used to grow 300 mm diameter single crystals.
2.1. Buoyancy driven melt convection
Growth of crystal using CZ technique is only possible if temperature difference exists between the metal inside the 
crucible and the adjacent crystal melt interface. To maintain this temperature gradient, it is necessary to cool the 
growing crystal and simultaneously heat the bulk metal inside the crucible [1]. This gives rise to temperature 
gradients and there by density gradient inside the melt pool thus giving rise to buoyancy driven convection currents.  
The magnitude of density gradients arising out of inhomogeneous species concentration is generally very small in 
most cases of CZ process. 
Over the decade, the size of the grown crystal has increased significantly with crystals of 450 mm diameter (which 
are the need of the hour for ULSI application) being now grown using crucible of 800 mm diameter charged with 
150-300 kg melt. The enlargement of system dimensions has lead to increased influence of buoyant melt convection 
on the crystal growth process and there by the quality of crystal itself. Typical technological parameters of an 
industrial CZ crystal growth process are listed [2].
The melt flow inside the crucible is strongly influenced by action of buoyancy forces. Fluid near to the crucible 
outer surface rises along the hot wall turns toward the axis at the crucible top surface where it loses heat in from of 
radiation heat loss to the surrounding. Fluid cools down further owing to heat transfer to the growing crystal, 
becomes heavy due to increase in density and sinks along the cylinder axis towards the crucible bottom where it 
turns again towards the crucible wall to complete the cycle. Three dimensional numerical simulation of buoyancy 
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driven melt convection in CZ melt by Bottaro and Zebib [3] shows that buoyant convention melt is axisymmetric 
with swirl motion and the azimuthal motion concentrated near the crucible axis.  Numerical investigation of buoyant 
natural convection in a laterally heated vertical cylinder having aspect ratio of 0.2 to 2.0 was carried out by 
Lemembre and Petit [4]. They predicted a flow structure with a single toroidal roll inside the melt pool for range of 
Prandtl Number varying from 0.7 to 92.5.
Owing to experimental challenges arising out of high melting temperatures for most of the material used for actual 
crystal growth, model experiments are designed using fluid having low melting temperature and fluid properties 
similar to actual crystal material. Experimental investigation by A.D.W. Jones [5] state that buoyancy force effects
are not only important near the crucible wall (where temperatures are higher) but also under the crucible melt. Heat 
supplied at the crucible wall and impurities arising from the crucible inner surface are thus transferred to the 
growing crystal melt interface under the influence of buoyant convection.
2.2. Forced convection in CZ melt pool
It is a common industrial practice to rotate the crystal as well as the crucible simultaneously during crystal growth 
process. Rotation rate of both the crystal and crucible are normally in range of few rotation per min. Rotation of 
crystal is mainly used to provide a symmetric temperature profile, suppress angular variation of impurities and also 
to control crystal melt interface shape [6]. 
Melt flow structure is influenced by combination of forced convection due to crystal rotation and buoyant natural 
convection. Fluid under the rotating crystal is pumped radially outwards towards the crucible wall under the action 
of centrifugal force, thus opposing the bulk motion due to natural convection.  The flow pattern in the melt depends 
on the ratio of Grashoff Number (Gr) and square of Reynolds number (Re) based on crystal rotation. The ratio of 
Gr/(Re)2 is popularly known as Richardson number (Ro) and indicates the relative strength of buoyancy force to 
inertia force. For a typical CZ silicon crystal growth system, value of value of Re and Gr may be in excess of 104
and 1010 respectively [7].
At low crystal rotation rate, flow in melt pool results in two counter rotating cells, one due to buoyancy effect which 
is nearer to the hot crystal wall and the other due to forced convection under the crystal.  Increase in crystal rotation 
rate would further increase the size of forced convection cell and restrict buoyant flow in region near crucible wall 
near the top free surface [1]. The crystal rotation rate is found to have a significant stabilizing effect on the highly 
turbulent buoyant convection in CZ oxide melt. It is possible to ensure periodic flow and thermal conditions in the 
oxide melt by appropriately selecting the crystal rotation rate such that Gr/Re2< 235 [8]. Experimental and 
numerical studies by S Enger et al [9] show that high crucible rotation damps temperature fluctuations under the 
crystal. 
S S Son et al [6] in their model experiment using Wood’s metal measured radial and azimuth velocity under the 
crystal. They observed the effect of crystal rotation is strong near the crystal and decreases with increasing distance 
away from the crystal. For low aspect ratio melt pool, as in most cases for industrial CZ crystal growth process, at 
high crystal rotation rates the azimuth flow under the crystal may extend right up to the crucible base. This increase 
the possibility of large proportion of impurities arising out of crucible to be assimilated into the growing crystal 
[10]. Counter rotation of the crucible helps in reducing the depth of influence of forced convection due to crystal 
rotation. Fluid pumped towards the crucible wall because of crucible wall aides flow due to natural convection. 
Detailed discussion related to effect of crystal and crucible rotation on thermal and flow field in the melt can be 
found in work of S S Son et al [6].
  2.3. Thermo-capillary flow in CZ melt
Surface tension variation along the liquid free surface caused by non uniform temperature distribution induces 
thermo-capillary flow which is also known as Marangoni convection as shown in Fig:1. Strength of Marangoni 
convection is indicated by non dimensional number called Marangoni numbder (Ma) which physically reflects the 
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strength of surface tension force compared to viscous forces. Flow direction due to Marangoni convection depends 
on the sign of temperature dependent surface tension gradients. For negative surface temperature gradient (as is the 
case for most CZ crystal growth materials), flow of fluid is from hot crucible wall towards the cold crystal surface.
In CZ crystal growth system, there exists radial temperature gradient along the top free surface of the melt exposed 
to inert gas. This in turn gives rise to temperature dependent surface tension gradients thus setting up flow form hot 
crucible wall towards the relatively cold crystal melt interface, aiding the buoyancy driven convection cell.
In terrestrial environment, flow due to surface tension force is often masked by flow due natural convection. S 
Ostrach and A Pline [11] carried out series of experiments in microgravity conditions to study purely surface tension 
driven flows. K Arafune et al [12], based on their experimental observations have derived correlation for estimating 
Reynolds number (based on surface velocity) in terms of Ma and Prandtl number (Pr) which can be used for judging 
which of the Marangoni and buoyancy convection is dominant in the fluid. P Hintz et al [13] carried out series of 
model experiments for flow visualization and numerical investigation using Pr=6.8 fluid. Their results can be used 
to validate numerical codes intended to simulate CZ crystal growth.
Y A Li et al [14] in their 3-D numerical simulation for silicon melt have shown that the critical Manrangoni number 
showing transition from steady to oscillatory flow increases when combined effect of thermo-capillary and 
buoyancy driven flow is considered. H Nakanishi et al [15] detected presence of high surface flow towards the 
growing crystal from crucible wall under the influence of surface tension force. This flow helps in growing low 
oxygen concentration crystals which is discussed in section 5. Presence of high surface flow rate is  also confirmed 
by 3-D numerical simulation of silicon melt by V Kumar et al [16][17]. Their investigation of time dependent 
evolution on Marangoni flow predicts buoyant plumes arising from crucible bottom, to move towards the centre of 
crucible with time. These plumes transfer impurities from crucible bottom to the crystal melt interface resulting in 
inhomogeneous crystal of inferior quality.
3. Unsteady Melt Convection
Single crystal grown to meet present day ULSI application utilize large melt in which convective flow becomes time 
dependent when flow velocities are increased beyond certain value. Transition from steady state regime to time 
dependent oscillatory flow occurs when value of Ra, Re or Ma are increased beyond the critical value. Value of non
dimensional number at which the flow transition occurs is known as critical number. Transport of species in CZ 
system is dependent on convection flow in the melt. Presence of time dependent flow is found to lead to 
compositional variations in the growing crystal. Convective instabilities also result in fluctuation of crystal growth 
rate, which in turn causes compositional fluctuations called ‘striations’ to occur in the crystal. Effect of oscillatory 
convection and the resulting thermal fluctuations in melt has been discussed in series of articles [16-22].
4. Magnetic Czochralski crystal growth  (MCZ)
Metals and semiconductors, having relatively high electrical conductivity, are subjected to Lorentz force when 
moving in a magnetic field. This force when properly oriented can be used to suppress oscillations and damp out 
Fig:1 Flow due to surface tension gradients  at free melt surface
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turbulence occurring in present day CZ crystal growth employing large crucible. Mathematical modeling of Lorentz 
force is based on following two physical facts:
x Motion of electrically conducting fluid across magnetic lines of forces generates a current known as 
induced current, J = ıV x B), where J LVWKHLQGXFHGFXUUHQWıLVWKHHOHFWULFDOFRQGXFWLYLW\V is the 
velocity vector and B is the external applied magnetic field.
x Fluid elements carrying current which traverse magnetic force lines give rise to additional force acting on 
the fluid elements. This force is known as Lorentz force and it acts in direction opposite to that of the fluid 
motion, F = J x B, where F is the Lorentz force.
Incorporation of Lorentz force into equation of motion for an incompressible fluid lead to hydrodynamic Navier –
Stoke’s equation which are solved (mostly numerically) to study the flow filed and temperature filed in CZ melt 
under the action of an external applied magnetic field. Three types of externally applied magnetic field, namely 
transverse, axial and CUSP (inhomogeneous) magnetic field are used during commercial CZ crystal growth process.
4.1. Transverse magnetic Czochralski growth (TMCZ)
CZ crystal growth in presence of a transverse magnetic field is achieved by placing the CZ crystal growth set up 
between the poles of a conventional electromagnet. Application of a transverse magnetic field gives rise to Lorentz 
force along axial direction, in a direction opposite of fluid motion, opposing forces driving melt convection. The 
flow is thus retarded. 
However, a transverse magnetic field is found to remove the axial symmetry of the natural convection flow so that 
the rotating crystal experiences a cyclic variation in temperature. This modulates the crystal growth rate locally 
resulting in pronounced rotational striations. This has been experimentally observed by Ravishankar et al [23]. L Lin 
et al [24] studied growth of silicon crystal in presence of transverse magnetic field. They have shown that the flow is 
essentially three dimensional and asymmetric under the influence of a transverse magnetic field.  M G Williams et al 
[25] have suggested that designing heaters that can provide heat flux at varied rate along the crucible wall can help 
and cancel the deviation from asymmetric flow due to the transverse magnetic field.
4.2. Axial magnetic Czochralski growth (VMCZ)
An axial magnetic field can be superimposed on the CZ melt pool using a single loop solenoid wound around the 
melt crucible. Application of an axial magnetic field retains the axial symmetry of the melt, but is found to destroy 
radial uniformity of dopant concentration in growing crystal.
H Hirata et al [26] in their experimental investigation of CZ silicon melt have reported that application of an axial 
magnetic field helps suppressing the asymmetric thermal convection which degrades the thermal symmetry of the 
melt. K Kakimoto et al [27] found that the azimuthal flow dosent get completely damped under the effect of the 
axial magnetic field. T Munakata et al [28] concluded that under influence of an axial magnetic field, the 
temperature field under the crystal does not oscillate and the melt interface shape becomes convex towards the melt.
L N Hjellming and J S Walker [29] have presented analytical solutions for melt motion of CZ puller in presence of a 
strong, uniform, axial magnetic field. They have shown that for certain combinations of crystal and crucible rotation 
rates lead to flow patterns with a large volume of almost stagnant fluid under the crystal surface. Owing to the 
stagnant layer, diffusion of heat and species is likely to be the dominating mode in this zone.
4.3. Inhomogeneous (CUSP) magnetic Czochralski growth
Owing to serious limitations of axial and radial magnetic field (as discussed above), an inhomogeneous magnetic 
field having only transverse magnetic field component at the free surface and a purely axial magnetic field in deep 
melt near the axis is applied. The CUSP magnetic field is thus an effort to combine the desirable features of both the 
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axial and radial magnetic field in a single setup. While axial and radial magnetic field have only the magnetic field 
strength as the control parameter related to magnetic field, a CUSP magnetic has two controlling parameters, namely 
the magnetic field strength and magnetic field shape. The CUSP magnetic field is generated using a pair of 
Helmhotlz coil carrying current in opposite direction. 
H Hirata set al [30] reported for the first time reported application of CUSP magnetic field in experimental CZ 
silicon growth system.  They shave showed that thermal melt convection can be locally and independently 
controlled at the melt free surface and at the melt crucible interface at the same time. This enables to control the 
oxygen concentration in the growing crystal by magnetic field strength only, irrespective of crystal rotation speed. In 
presence of an axial or a radial magnetic field, control of oxygen concentration is achieved via control of crystal 
rotation speed. K Kakaimoto et al [31] investigated the effect of distance between the plane having only radial 
magnetic field and free melt interface, on the melt flow and thermal filed. They have also reported low oxygen 
concentration at crystal melt interface in presence of CUSP magnetic field.
L N Hjellming et al [32] have given analytical solution for isothermal melt motion in a CZ crystal puller with a non 
uniform axisymmetric magnetic field.
5. Oxygen incorporation in growth of silicon CZ crystal
Single crystals using CZ technique are generally grown using silica or quartz crucible. Impurities arising out of 
crucible wall are transferred to melt interface by melt convection, where they me be incorporated into the growing 
crystal, thus deteriorating the crystal quality. Oxygen is the most important impurity in commercial silicon crystal
grown using CZ technique. Precise control of oxygen along the radial and axial direction of the crystal is paramount 
for growing crystal with necessary electronic properties. Typical concentration of oxygen in silicon crystal is found 
to be around 1018 atoms/cm3 [33]
Oxygen release from crucible surface and its release into the growing crystal is one of the major concerns in CZ 
growth of silicon crystal. Fig: 2 shows schematic representation of release of oxygen form crucible inner surface, its 
evaporation from the free melt surface and its incorporation into the growing crystal.
Fig:2 Schematic of oxygen release from crucible wall, its evaporation and incorporation in growing crystal
Oxygen incorporation in 
growing crystal
Oxygen release from 
crucible
Oxygen release from 
free surface in form 
of SiO
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Silicon in melt form attacks the silica crucible surface which results in release of oxygen from the crucible surface 
as per the following reaction [34]
2( ) ( ) ( )2  solid liquid gasSiO Si Oo 
Oxygen released at the crucible surface is transferred to the melt crystal interface, melt free surface and melt interior 
by melt convection. Transfer of oxygen by  diffusion is small compared to that by melt convection as the value of 
Schmidt (Sc) number is small. For oxygen in silicon the value of Sc is around 10 [35]. At the melt free surface, Si 
combines with oxygen to form SiO which is volatile in nature. The  SiO thus formed evaporates from the free 
surface. Only 1% of the SiO is incorporated into the Si crystal as interstitial oxygen atoms in the range of (1íÂ
1017 atoms/cm3. This oxygen is may be beneficial for two reasons:
x Interstitial oxygen hardens the crystal lattice which stabilizes the Si wafers during the high temperature 
device processes
x Part of the oxygen precipitates upon cooling by forming small SiO2 crystallites inside the Si lattice. These 
precipitates are used as gettering centers for residual impurities, called intrinsic gettering.
Therefore, it is one of the major challenges in Cz growth to adjust the oxygen content in the growing crystal 
according to the specification of the device producers in the range of (1í17 atoms/cm3. Oxygen incorporation 
into the crystal depends on various parameters, like evaporation of SiO from the melt surface, dissolution rate of the 
wetted crucible surface and the melt convection.
Hirata and Hoshikawa [36] have measured the oxygen solubility in silicon melt in equilibrium with silica crucible, a 
situation that occurs at melt –crucible interface in a CZ silicon crystal growth. The solubility has been expressed as 
a function of temperature by following relation: 
Importance of Marangoni convection in growing low oxygen concentration silicon crystal using CZ technique has 
been experimentally investigated by Y Xu et al [37]. S Kobayashi [38] investigated the effect of oxygen 
concentration in CZ silicon crystal in presence of VMCZ and TMCZ. They reported presence of high oxygen 
content in the crystal in presence of axial magnetic field. This is owing to the fact that presence of an axial magnetic 
field gives rise to Lorentz force in the radial direction which opposes the fluid motion in the radial direction. Low 
oxygen silicon layer with low oxygen concentration at the melt free surface is thus not transferred to the melt 
crystal interface.
N Kobayashi [39] found that in presence on a weak axial magnetic field, when forced convection due to counter 
rotation of crystal and crucible is dominant in the melt, the magnetic field effect increases the oxygen incorporated 
into the crystal. This can be accounted to the flow formed under the crystal by the crystal rotation which transfers 
the fluid with high oxygen concentration near the crucible bottom to the crystal melt interface (as explained in 
section 2.2). Z Salnick [40] in their experiment demonstrated that it was possible to grow low oxygen concentration 
silicon crystal in presence of weak axial magnetic field. Similar results have been reported by N Kobayashi [39] in 
their numerical studies. A model for dynamic oxygen concentration in silicon melt using CZ method can be found 
in work by T Carlberg et al [34]. Youhei Takagi et [43]  have carried out numerical simulation on effect of crucible 
rotation and magnetic fields using travelling heater method. Application of crucible rotation and static magnetic 
field is best to grow large crystal with uniform composition.
N Riley [41] have shown that application of a CUSP magnetic field offers a significant advantage in CZ silicon 
crystal growth. Not only the oscillations are damped, but if suitably configured the magnetic field in combination of 
proper crystal and crucible rotation rate can provide excellent control over oxygen concentration in growing crystal. 
The CUSP magnetic field promotes the radial flow at the solid liquid interface in the melt, therefore the radial 
4
23 32.0 104.0 10 /sC atoms cmT
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equation (1)
equation (2)
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distribution of oxygen concentration can be homogenized [31]. H Hirata et al [42] have also reported similar results 
in their experimental growth of silicon crystal in presence of CUSP magnetic field.
6. Oxygen incorporation in growth of silicon CZ crystal
An attempt has been made to review different aspects of CZ crystal growth technique. Review of published 
literature reveals that the melt convection in CZ crystal growth system is complicated due to combination of natural 
convection, forced convection due to crystal and crucible rotation and Marangoni convection. Fundamental 
understanding of transport of heat and species transport due to melt convection and control of melt convection is 
imperative for growing good quality large diameter single crystal required for present day electronic applications. 
With increase in crystal diameter and there by the crucible size, melt convection control is going to be more and 
more of a challenging task. Oscillations often occur in melt pool which is responsible for crystal striations, and thus 
have to be avoided under all conditions. Application of external magnetic field is an excellent non-intrusive 
technique to damp oscillations and control melt convection. A CUSP magnetic field in combination of proper crystal 
and crucible rotation rates can lead to growth of good quality single crystal. Low oxygen content silicon crystal can 
be grown by producing melt conditions which ensures transfer of oxygen free layer at the free melt surface to the 
growing crystal melt interface. 
7. Conclusion
Czochralski crystal process is used for growing more than ninety percent of single crystal used in semiconductor 
industry. Contribution by various researchers has led to significant improvement in development of current state of 
the art crystal puller setup using which good quality, larger diameter single crystal are grown. With increase in 
processing power of a chip and more number of components on a chip, the demand for larger diameter crystal is 
only likely to go up. Control of melt motion inside the melt using magnetic field, crystal and crucible rotation is the 
key to growth of good quality large size crystals.
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